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Abstract Acid-sensitive outwardly rectifying anion

channels (ASOR) have been described in several mamma-

lian cell types. The present whole-cell patch-clamp study

elucidated whether those channels are expressed in eryth-

rocytes. To this end whole-cell recordings were made in

human erythrocytes from healthy donors treated with low

pH and high osmotic pressure. When the pipette solution

had a reduced Cl- concentration, treatment of the cells with

Cl--containing normal and hyperosmotic (addition of

sucrose and polyethelene glycol 1000 [PEG-1000] to the

Ringer) media with low pH significantly increased the

conductance of the cells at positive voltages. Channel

activity was highest in the PEG-1000 media (95 and

300 mM PEG-1000, pH 4.5 and 4.3, respectively) where the

current–voltage curves demonstrated strong outward recti-

fication and reversed at -40 mV. Substitution of the Cl--

containing medium with Cl--free medium resulted in a

decrease of the conductance at hyperpolarizing voltages, a

shift in reversal potential (to 0 mV) and loss of outward

rectification. The chloride currents were inhibited by chlo-

ride channels blockers DIDS and NPPB (IC50 for both was

*1 mM) but not with niflumic acid and amiloride. The

observations reveal expression of ASOR in erythrocytes.

Keywords Erythrocyte � Patch clamp � Cl- channel �
Low extracellular pH � Osmolarity

Introduction

A novel type of anion channel activated by extracellular

acidification, the acid-sensitive outwardly rectifying anion

channel (ASOR), has been recently found in several

mammalian cell types (Auzanneau et al. 2003; Lambert

and Oberwinkler 2005; Nobles et al. 2004; Yamamoto and

Ehara 2006). Biophysical profiles (activation by low

extracellular pH and osmotic shrinkage, time-dependent

activation at positive potentials, strong outward rectifica-

tion and inhibition by stilbene-derivative chloride channel

blocker 4,40-diisothiocyanatostilbene-2,20-disulfonic acid

[DIDS]) of the channels distinguish them from other

acidification-sensitive anion channels. Reportedly, the

channels have a strong pH sensitivity, being maximally

active at pH values between 4.0 and 4.5 (Lambert and

Oberwinkler 2005; Wang et al. 2007). Due to their steep

pH dependence, the channels are not active under physio-

logical conditions, where even in intracellular organelles

the pH rarely reaches values below 5.5. However, under

pathophysiological conditions, activation of the ASOR

channels may contribute to the machinery of cell necrosis

or apoptosis (Okada et al. 2004).

According to previous patch-clamp experiments, at least

four different types of anion channels are present in

mammalian red blood cells (RBCs) (Egee et al. 2002;

Huber et al. 2005; Verloo et al. 2004). They are mostly

inactive in untreated cells from healthy donors but are
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activated by some pathological stimuli, such as membrane

deformation, oxidation and infection with the malaria

pathogen Plasmodium falciparum (Egee et al. 2002; Huber

et al. 2002, 2005).

Since channels expressed in the RBC membrane cannot

be identified using molecular biology, the whole-cell patch-

clamp technique was utilized to search for channels with

the biophysical properties of ASOR in human erythrocytes.

As a result, activation of outwardly rectifying chloride

conductance is shown in human erythrocytes from healthy

donors treated with low pH (4.3 and 4.5) and high osmotic

pressure.

Materials and Methods

Erythrocytes

Erythrocytes were drawn from healthy volunteers, who

provided informed consent. The study was approved by the

ethical commission of the University of Tübingen (184/

2003 V). Experiments were performed at room tempera-

ture (22–26�C) with banked erythrocyte concentrates pro-

vided by the blood bank of the University of Tübingen.

Electrophysiology

Whole-cell recordings were performed at room tempera-

ture. The patch electrodes were made of borosilicate glass

capillaries (150 TF-10; Clark Medical Instruments, Pang-

bourne Reading, UK) using a horizontal DMZ puller

(Zeitz, Oberkochen, Germany). Pipettes with high resis-

tance of 10–17 MOhm were connected via an Ag-AgCl

wire to the headstage of an EPC 9 patch-clamp amplifier

(Heka, Lambrecht, Germany). Data acquisition and data

analysis were controlled by a computer equipped with an

ITC 16 interface (Instrutech, Great Neck, NY) and using

Pulse software (Heka) as already described (Duranton et al.

2002). For current measurements, erythrocytes were held at

a holding potential (Vh) of –30 mV and 200-ms pulses from

-100 to ?80 mV (in some experiments to ?100 mV) were

applied in increments of ?20 mV. The original whole-cell

current traces are depicted without filtering (acquisition

frequency 5 kHz). Currents were analyzed by averaging

the current values measured between 90 and 190 ms of

each square pulse (I–V relationship). The applied voltages

refer to the cytoplasmic face of the membrane with respect

to the extracellular space. The offset potentials between

electrodes were zeroed before sealing. Liquid junction

potentials between bath and pipette solution and between

the bath solutions and the salt bridge (filled with NaCl bath

solution) were calculated according to Barry and Lynch

(1991). Data were corrected for liquid junction potentials.

The intracellular pipette solution consisted of (in mM)

125 Na-gluconate, 10 NaCl, 1 MgCl2, 1 MgATP, 1 EGTA,

10 HEPES/NaOH (pH 7.4). The bath solution contained (in

mM) 145 NaCl, 5 KCl, 2 MgCl2, 1 CaCl2, 10 HEPES/

NaOH (pH 7.4). The osmolarity of the bath solution was

increased by addition of 300 or 952 mM sucrose or by

addition of 95 or 300 mM polyethelene glycol 1000 (PEG-

1000) to the basic bath solution. Addition of 300 mM PEG-

1000 or of 952 mM sucrose to the bath solution increased

the osmolarity by 1,500 mOsm/kg, as determined by

freezing point depression (Wescor, Kreienbaum, Ger-

many). To acidify the bath solutions, 1 M citric acid (final

concentration *5 mM) was added and the pH adjusted to

4.3. In some experiments NaCl in the bath solutions was

replaced with Na-gluconate.

All reagents were obtained from Sigma (St. Louis, MO)

and were of the highest grade available. Stock solutions

(50 mM) of DIDS, 5-nitro-2-(3-phenylpropylamino)ben-

zoic acid (NPPB), niflumic acid and amiloride were dis-

solved in DMSO.

Intracellular pH Measurements

The emission spectra of entrapped 2-carboxyethyl-5(6)-

carboxyfluorescein derivative (BCECF) were used to

measure the intracellular pH of RBCs as previously

described (Kummerow et al. 2000) with minor modifica-

tions. RBCs were incubated with BCECF-AM (6 lM) for

45 min at pH 7.4 and 37�C. The cells were then centrifuged

three times and washed with the bath solution to eliminate

any excess of BCECF-AM outside of the cells. A calibra-

tion curve was constructed using isotonic buffer (130 mM

in K?) at different pH values (4.0–8.0) and nigericin

(10 lg/ml, 15 min at 37�C) to equilibrate external and

internal pH. Fluorescence intensities at each pH were

measured with FluoroMax-2 (Jobin Yvon, Longjumeau,

France) and FP-6500 (Jasco, Great Dunmow, UK) spec-

trofluorimeters, exciting at two wavelengths: 505 nm

(absorption maximum) and 436 nm (isobestic point) and

following emission at 535 nm. Then, RBCs with entrapped

BCECF were resuspended with a hematocrit of 0.01% in

different solutions (Ringer solution, Ringer solution with

PEG-1000, Ringer solution with sucrose [300 and

952 mM], all at pH 7.4 and 4.3). Intracellular pH (pHi) in

each case was assessed by measuring the fluorescence

emission as described above.

Statistics

Data are expressed as arithmetic means ± SEM, and sta-

tistical analysis was made by paired t-test, P \ 0.05 being

considered statistically significant.

2 Y. V. Kucherenko et al.: ASOR Channels in Red Blood Cells

123



Results

Under control conditions (pH 7.4), a linear I–V relationship

was detected during recordings of whole-cell currents from

untreated erythrocytes (Fig. 1a, d, closed squares). The

conductance of the cells at negative as well as at positive

potentials was below 1 nS, indicating low activity of the

endogenous anion and cation channels (Fig. 1b, c, closed

bars). Lowering the extracellular pH (pHe) to 4.3 activated

a current at positive potentials and at the same time

reduced the current at negative potentials (Fig. 1a, e, open

triangles). The currents developed by acute application of

very acidic extracellular solution were not large in ampli-

tude but differed significantly (P \ 0.05) at all potentials

(except –30 and –50 mV) from those observed in untreated

cells (Fig. 1b, c). It should be noted here that current values

produced by extracellular acidification were variable from

cell to cell. Some cells demonstrated large outward cur-

rents; however, we did not consider them because of the

high probability that the currents were generated by an

input resistance drop at high positive potentials in acidosis-

induced injured cells (Fig. 1f). Thus, only cells with

increased outward currents upon extracellular acidification

(pH 4.3) of the Cl--containing bath medium but reduced

currents after elimination of the Cl- from the bath medium

(gluconate substitution) were taken into consideration.

When osmolarity of the acidic extracellular Cl--con-

taining medium was increased by the addition of 300 mM

Fig. 1 Extracellular

acidification-induced currents in

human erythrocytes. a Mean I–
V relationships (±SEM) of

human erythrocytes in Cl--

containing bath solutions with

pH 7.4 (closed squares, n = 9)

and pH 4.3 (open triangles,

n = 8). b, c Mean whole-cell

conductance of the currents in

NaCl with pH 7.4 (closed bars,

n = 9) and pH 4.3 (open bars,

n = 8) calculated from -100 to

0 mV (b) and from 0 to ?80 mV
(c). * Significant difference

from control, P \ 0.05 t-test. d–

f Whole-cell macroscopic

current traces recorded from

human erythrocytes in NaCl

bath solution, pH 7.4 (d) and

after acute application of NaCl

bath solution with pH 4.3 (e, f)
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of non-ionic polymer PEG-1000, a dramatic increase in

currents was observed (Fig. 2a, e, open triangles). The I–V

relationship showed steep outward rectification together

with a shift in reverse potential to negative voltages

(–40 mV), indicating an increase in Cl- conductance. The

conductance of the cells was highly increased (P \ 0.001)

at negative as well as at positive potentials (Fig. 2b, c,

respectively). Replacement of extracellular Cl- for gluco-

nate- reduced the size of the outward current and shifted

the reversal potential to 0 mV (Fig. 2a, f, open diamonds).

Fig. 2 Outwardly rectifying currents activated by 300 mM PEG-

1000 (pH 4.3). a Mean I–V relationships (±SEM) of human erythro-

cytes in NaCl bath solution (pH 7.4, n = 14), after acute application

of 300 mM PEG-1000 dissolved in NaCl bath solution (pH 4.3,

n = 12) and after acute application of 300 mM PEG-1000 dissolved

in Na?-gluconate bath solution (pH 4.3, n = 6). b, c Mean whole-cell

conductance of the currents in NaCl bath solution (pH 7.4, n = 14)

and after acute application of 300 mM PEG-1000 dissolved in NaCl

bath solution (pH 4.3, n = 12) calculated from -100 to 0 mV (b) and

from 0 to ?80 mV (c). *** Significant difference from control,

P \ 0.001 t-test. d–f Whole-cell macroscopic current traces recorded

from human erythrocytes in NaCl bath solution, pH 7.4 (d); after

acute application of 300 mM PEG-1000 dissolved in NaCl bath

solution, pH 4.3 (e); and then 300 mM PEG-1000 dissolved in Na?-

gluconate bath solution, pH 4.3 (f). g, h Whole-cell macroscopic

current traces recorded from human erythrocytes in NaCl bath

solution, pH 7.4 (g), and after acute application of 300 mM PEG-

1000 dissolved in NaCl bath solution, pH 7.4 (h). i, j Time-dependent

activation of outwardly rectifying currents in human erythrocytes

treated with 300 mM PEG-1000, pH 4.3. Whole-cell macroscopic

current activated in human erythrocytes treated with 300 mM PEG-

1000 dissolved in NaCl bath solution (pH 4.3) for 1.51 min (i) and

5.16 min (j)
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The proton-activated chloride currents exhibited time-

dependent activation at positive potentials (Fig. 2i, j).

Under neutral pH (7.4), an increase in the osmolarity of

Cl--containing bath solutions did not produce currents

distinguishable from that of control cells in isotonic saline

(Fig. 2g, h, respectively).

We further utilized sucrose to increase the osmolarity of

the bath solution. As shown in Fig. 3a, addition of 952 mM

sucrose to increase osmolarity of the Cl--containing bath

medium with low pH (4.3) yielded similar results as

addition of 300 mM PEG-1000. There was also time-

dependent activation of the currents (results not shown).

However, the shift in the reversal potential and outward

current caused by the sucrose treatment has less pro-

nounced than in the PEG-1000 medium. Moreover, a sig-

nificant increase in inward current suggested the

appearance of a leak component (see Fig. 3c). It is note-

worthy that application of the high osmotic sucrose media

at neutral pHe (7.4) did not produce outwardly rectifying

voltage-dependent currents (Fig. 3g, h).

Fig. 3 Outwardly rectifying currents activated by 952 mM sucrose

(pH 4.3). a Mean I–V relationships (±SEM) of human erythrocytes in

NaCl bath solution (pH 7.4, n = 3) and after acute application of

952 mM sucrose dissolved in NaCl bath solution (pH 4.3, n = 3). b, c
Mean whole-cell conductance of the currents in NaCl bath solution

(pH 7.4, n = 3) and after acute application of 952 mM sucrose

dissolved in NaCl bath solution (pH 4.3, n = 3) calculated from -100

to 0 mV (b) and from 0 to ?80 mV (c). *,** Significant differences

from control, P \ 0.05 and P \ 0.01, t-test, respectively. d–f Whole-

cell macroscopic current traces recorded from human erythrocytes in

NaCl bath solution, pH 7.4 (d); after acute application of 952 mM

sucrose dissolved in NaCl bath solution, pH 4.3 (e); and then 952 mM

sucrose dissolved in Na?-gluconate bath solution, pH 4.3 (f). g, h
Whole-cell macroscopic current traces recorded from human eryth-

rocytes in NaCl bath solution, pH 7.4 (g), and after acute application

of 952 mM sucrose dissolved in NaCl bath solution, pH 7.4 (h)
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In order to test the sensitivity of the currents induced by

extracellular acidification and excessive osmolarity to

anion channel blockers, the effects of DIDS, NPPB and

niflumic acid were studied on the PEG-1000-treated cells

(Fig. 4a, b). Of the substances tested, only DIDS and NPPB

were able to inhibit the outward current activated with the

acidic high osmotic solution. At a concentration of 100 lM

they produced *20% (DIDS) and *35% (NPPB) inhibi-

tion of the current. At the same concentration (maximum

concentration tested) niflumic acid reduced only 5% of the

initial current. The effects of DIDS and NPPB were con-

centration-dependent with half-maximal inhibition (IC50)

at *1 mM for both substances (Fig. 4c).

We also tested whether amiloride, an inhibitor of the

Na?/H? antiporter, ENaC and ASIC channels, was able to

influence the anionic currents activated by low pH and high

osmolarity. Up to 100 lM concentration amiloride did not

appreciably modify the anionic currents activated by low

pH and high osmolarity.

Additional experiments explored the response of the

currents to milder alterations of pH and osmolarity. To this

end, the cells were exposed to 95 mM PEG-1000 (osmo-

larity *500 mOsm/kg) and pH was varied from 4.5 to 7.4.

The results suggest that at 95 mM PEG-100 the current

amplitudes (see Fig. 5a, d, f) were lower than at 300 mM

PEG-1000. An increase of pH above 5.0 led to complete

inactivation of the currents (Fig. 5b, h, i).

It is noteworthy that in the presence of 95 mM PEG-1000

(pH 4.5) as well as of 300 mM PEG-1000 and 952 mM

sucrose (pH 4.3 for both) not only outward but also inward

currents were activated (see Figs. 2a, 3a, 5a). To check the

possibility that the activation of the inward currents was due

to an increase in leak cation current, experiments were

performed utilizing the impermeable cation NMDG. As

shown in Fig. 5f, g, NMDG-Cl added after the 95 mM PEG-

1000 (pH 4.5) blunted neither the inward nor the outward

current, indicating that both were anion currents.

Since exposure of the cells to low pHe medium leads to

intracellular acidification, we determined pHi values under

the conditions described above. According to the pH-sen-

sitive fluorescent dye BCECF, pHi decreased from 7.3

(physiological saline pH 7.4) to 5.6 during the first 20 s of

incubation in low-pHe (4.3) medium and gradually

declined further to 5.2 during the next 5 min of incubation

in the medium. In the presence of sucrose and PEG-1000,

the values of pHi were 4.7 (for both) throughout the 5 min

of incubation.

Discussion

In the present study we characterized the biophysical

properties of a current activated in human erythrocytes by

lowering pHe to 4.3 and inducing extreme extracellular

osmolarity (*1,500 mOsm/kg). By changing the ionic

composition of the extracellular media (replacing Cl- for

gluconate-) and applying different channels blockers, we

provide evidence that the outward current generated by the

acidic hypertonic environment was carried mainly by Cl-.

The family of acid-regulated anion channels found in

different cell types includes CLC-0 (Chen and Chen 2001),

CLC-2 (Jordt and Jentsch 1997), CLC-4 (Friedrich et al.

1999; Mo et al. 1999), CLC-5 (Mo et al. 1999), CLC-7

(Diewald et al. 2002), CLC-Ka, CLC-Kb (Estevez et al.

2001), bacterial CLC eriC (Iyer et al. 2002), SLC26A7 (Kim

et al. 2005), small-conductance Cl- channels (Sauve et al.
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Fig. 4 DIDS and NPPB sensitivity of outwardly rectifying currents

in human erythrocytes treated with 300 mM PEG-1000, pH 4.3. a
Whole-cell macroscopic current traces recorded from human eryth-

rocytes in NaCl bath solution, pH 7.4; after acute application of

300 mM PEG-1000 dissolved in NaCl bath solution, pH 4.3; and after

acute application of 1 mM NPPB. b Whole-cell macroscopic current

traces recorded from human erythrocytes in NaCl bath solution, pH

7.4; after acute application of 300 mM PEG-1000 dissolved in NaCl

bath solution, pH 4.3; and after acute application of 1 mM DIDS. c
Inhibition by DIDS and NPPB of currents (at ?90 mV) induced by

low-pH high osmotic PEG-1000 medium treatment in human

erythrocytes
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Fig. 5 Outwardly rectifying currents activated by 95 mM PEG-1000.

a Mean I–V relationships (±SEM) of human erythrocytes in NaCl bath

solution (pH 7.4, n = 16), after acute application of 95 mM PEG-

1000 dissolved in NaCl bath solution (pH 4.5, n = 4) and after acute

application of 95 mM PEG-1000 dissolved in Na?-gluconate bath

solution (pH 4.5, n = 3). b, c Mean whole-cell conductance of

currents in NaCl bath solution (pH 7.4, n = 16), 95 mM PEG-1000

dissolved in NaCl bath solution (pH 4.5, n = 4), 95 mM PEG-1000

dissolved in NaCl bath solution (pH 5.1, n = 3), 95 mM PEG-1000

dissolved in NaCl bath solution (pH 6.2, n = 3), 95 mM PEG-1000

dissolved in NaCl bath solution (pH 7.4, n = 5) calculated from 0 to

?80 mV (c). * Significant difference from control, P \ 0.05 t-test. c–

g Whole-cell macroscopic current traces recorded from human

erythrocytes in NaCl bath solution, pH 7.4 (c); after acute application

of 95 mM PEG-1000 dissolved in NaCl bath solution, pH 4.5 (d); and

then 95 mM PEG-1000 dissolved in Na?-gluconate bath solution, pH

4.5 (e); after acute application of 95 mM PEG-1000 dissolved in

NaCl bath solution, pH 4.5 (f); and then 160 mM NMDG-Cl solution

(g). h, i Whole-cell macroscopic current traces recorded from human

erythrocytes in NaCl bath solution, pH 7.4 (h), and after acute

application of 95 mM PEG-1000 dissolved in NaCl bath solution, pH

7.4 (i)
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2000), volume-sensitive outwardly rectifying anion chan-

nels (VSOR) (Sabirov et al. 2000) and the recently found

ASOR (Lambert and Oberwinkler 2005; Wang et al. 2007).

According to patch-clamp and flow-cytometric data, at

least four anion channels are expressed in mammalian

erythrocytes (Bernhardt et al. 2007; Huber et al. 2005; I-

vanova et al. 2008; Lang et al. 2008). They are voltage-

independent CFTR channels, CFTR-dependent PKA-acti-

vated or membrane deformation-activated channels, oxi-

dation-induced outwardly rectifying channels and

oxidation-induced CLC-2 channels. However, the pheno-

typic properties of the channel reported in the present study

distinguish it from most known anion channels. Strong

outward rectification of the acid- and osmolarity-sensing

channel contrasts the linear voltage-independent CFTR

channels and the inwardly rectifying CLC-2 channels. The

proton sensitivity of the acid- and osmolarity-sensing

channel is not shared by outwardly rectifying CLC-4, CLC-

5, CLC-Ka and CLC-Kb, which are inhibited by low pHe.

The intracellular location of CLC-3, CLC-6 and CLC-7

channels renders them unlikely candidates for the acid- and

osmolarity-sensing channel. The VSOR anion channel

exhibits inactivation kinetics at large positive potentials

and osmotic shrinkage, which is in contrast to the activa-

tion kinetics of the acid- and osmolarity-sensing channel.

Oxidation-induced outwardly rectifying channels could not

be completely ruled out since acidic pH may increase

oxidation of cell membrane lipoproteins (Morgan and

Leake 1993). Additionally, high osmotic pressure might

enhance the effect of low acidic pH. However, neither

PEG-1000 nor sucrose is considered an oxidative agent

since no significant oxidation was observed following

treatment with the low-pH PEG-1000 and sucrose media

(data not shown). Moreover, long-term (30 min at 37�C)

incubation with strong oxidants (t-BHP or H2O2) was

required to stimulate oxidation-induced outwardly rectify-

ing channels (Huber et al. 2002; Kasinathan et al. 2007a,

b), which is in contrast to our experiments where the low-

pH PEG-1000 and sucrose media were applied acutely.

Moreover, oxidation not only affects anion currents but

also activates the nonselective cation channels (Duranton

et al. 2008; Foller et al. 2008; Huber et al. 2002; Kasina-

than et al. 2007a, b). However, in our experiments we

failed to observe activation of the nonselective cation

channels since addition of NMDG-Cl to the cells treated

with the 95-mM PEG-1000 (pH 4.5) medium did not

reduce the inward currents.

The only channel with characteristics that are similar to

the one described here is the ASOR channel (Auzanneau

et al. 2003; Lambert and Oberwinkler 2005; Nobles et al.

2004; Yamamoto and Ehara 2006). The phenotypical

properties of the ASOR channel, such as activation by

severe extracellular acidification and osmotic shrinkage,

strong outward rectification, activation kinetics upon

depolarization, lack of dependence on intracellular Ca2?

and sensitivity to stilbene-derivative Cl- channel blocker

DIDS, were also observed in the present study. Thus,

ASOR channels presumably underlie the outwardly recti-

fying Cl- conductance activated in untreated human

erythrocytes upon high osmotic pressure and low pHe. The

only discrepancy found between the present channel and

ASOR is the concentration-dependent inhibition by DIDS.

According to the published data, the ASOR channel is

exquisitely sensitive to DIDS, with an IC50 value of

0.12 lM at ?100 mV (epithelial HeLa cells) (Wang et al.

2007) and 2.9 lM at ?80 mV (HEK293 cells) (Lambert

and Oberwinkler 2005). In contrast to those data, the IC50

value of the erythrocyte acid- and osmolarity-sensing

channel is *1 mM DIDS at ?90 mV. The discrepancy

may result from the evaluation of IC50 values in the present

study in low-pH and high-osmotic pressure medium,

whereas the literature data reported IC50 values only at low

pH. Nevertheless, the possibility must be considered that

the erythrocyte ASOR channels are distinct from those of

other cell types.

Proton-activated anion currents may be mediated by

other channels, with alterations of their properties follow-

ing extracellular acidification. For example, the aquaporin

AQP6 changed from being essentially impermeable to ions

to an anion channel when exposed to an acidic (pH 5.5 and

below) environment (Yasui et al. 1999). Moreover, anion

channels may be generated under appropriate conditions by

amino acid transporters (Wadiche et al. 1995). In erythro-

cytes, AE1 protein (band 3), which mediates the exchange

of Cl- for HCO3
-, demonstrated sharp pH sensitivity. At

very low pH (below 5.1) it operates as a conductance

pathway for free halide ions or a non-carrier HCl or (HCl)2

transporter (Gunn et al. 1975). Along those lines, reduced

DIDS-sensitive Cl- conductance was observed in AE1-/-

mouse erythrocytes (Alper et al. 2008), indicating that the

AE1 anion exchanger polypeptide can operate in a con-

ductive mode (Alper et al. 2008; Frohlich et al. 1983;

Kaplan et al. 1983). It should be kept in mind, though, that

the absolute values of the currents were highly variable

from cell to cell and that some cells did not respond to

acidification of the medium. Since AE1 protein is an

abundant protein in the erythrocyte membrane, it seems

unlikely that only a part of the polypeptide molecules

presented in the cell membrane was turned to a conductive

pathway by extracellular acidification.

In view of the sensitivity to an excessively acidic pHe

and hypertonic environment, the acid- and osmolarity-

sensing channels are not active in a physiological envi-

ronment. Nevertheless, extracellular acidosis is a major

stress leading to cell injury or death under pathological

conditions, in which reduced blood flow, trauma or
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hemorrhage occurs. Ischemia, seizures and hyperglycemia

are also known to reduce pHe below 6 in tissues, especially

the brain (Tomlinson et al. 1993). Possibly, ASOR anion

channels are functional only in the regions that are most

susceptible to injury. Moreover, the possibility must be

kept in mind that the channels may be activated by as yet

unknown mechanisms other than excessive acidification

and osmolarity. For instance, the channels may be activated

by drugs. The present study focused on the biophysical

properties of the channels. Future studies will be needed to

address the physiological and pathophysiological signifi-

cance of the channels.

Acid stress is a known inducer of cell swelling (Lang

et al. 1998). The driving force for the volume change is

indirectly the H? gradient across the erythrocyte mem-

brane, which results in a rapid readjustment of H? and Cl-

ratios and protonation of hemoglobin. In our experiments a

rapid drop of pHi in the cell transferred to the low-pH

media was also observed. The effect was even more pro-

nounced in the low-pH hyperosmotic sucrose and PEG-

1000 media, suggesting that an increase in extracellular

tonicity facilitates cellular acidosis. Cellular acidosis pro-

motes H2CO3 production, thereby releasing H? and

HCO3
- in the cells, which activates the Na?/H? exchanger

(NHE), net Cl- uptake via stimulation of anion exchanger

AE1 and, thus, cellular accumulation of NaCl with

osmotically obliged water (Lang et al. 1998). On the other

hand, erythrocyte swelling and gain of Cl- were observed

in DIDS-treated cells (Marshall et al. 1990).

In conclusion, the present study discloses with whole-

cell recordings the expression of outwardly rectifying

chloride conductance activated by low pH and high

osmotic pressure in human erythrocytes from healthy

donors. The data suggest that this Cl- conductance may be

due to activation of acid-sensitive Cl- channels similar, but

not necessarily identical, to the ASOR channels in nucle-

ated cells.

Acknowledgements We thank Dr. Ekaterina Shumilina for helpful

advice and Prof. Dr. Ingolf Bernhardt for helpful discussion of the

manuscript.

References

Alper SL, Vandorpe DH, Peters LL, Brugnara C (2008) Reduced

DIDS-sensitive chloride conductance in Ae1-/- mouse erythro-

cytes. Blood Cells Mol Dis 41:22–34

Auzanneau C, Thoreau V, Kitzis A, Becq F (2003) A novel voltage-

dependent chloride current activated by extracellular acidic pH

in cultured rat Sertoli cells. J Biol Chem 278:19230–19236

Barry PH, Lynch JW (1991) Liquid junction potentials and small cell

effects in patch-clamp analysis. J Membr Biol 121:101–117

Bernhardt I, Weiss E, Robinson HC, Wilkins R, Bennekou P (2007)

Differential effect of HOE642 on two separate monovalent

cation transporters in the human red cell membrane. Cell Physiol

Biochem 20:601–606

Chen MF, Chen TY (2001) Different fast-gate regulation by external

Cl- and H? of the muscle-type ClC chloride channels. J Gen

Physiol 118:23–32

Diewald L, Rupp J, Dreger M, Hucho F, Gillen C, Nawrath H (2002)

Activation by acidic pH of CLC-7 expressed in oocytes from

Xenopus laevis. Biochem Biophys Res Commun 291:421–424

Duranton C, Huber SM, Lang F (2002) Oxidation induces a Cl-

dependent cation conductance in human red blood cells. J

Physiol 539:847–855

Duranton C, Tanneur V, Lang C, Brand VB, Koka S, Kasinathan RS,

Dorsch M, Hedrich HJ, Baumeister S, Lingelbach K, Lang F,

Huber SM (2008) A high specificity and affinity interaction with

serum albumin stimulates an anion conductance in malaria-

infected erythrocytes. Cell Physiol Biochem 22:395–404

Egee S, Lapaix F, Decherf G, Staines HM, Ellory JC, Doerig C,

Thomas SL (2002) A stretch-activated anion channel is up-

regulated by the malaria parasite Plasmodium falciparum. J

Physiol 542:795–801

Estevez R, Boettger T, Stein V, Birkenhager R, Otto E, Hildebrandt F,

Jentsch TJ (2001) Barttin is a Cl- channel beta-subunit crucial

for renal Cl- reabsorption and inner ear K? secretion. Nature

414:558–561

Foller M, Kasinathan RS, Koka S, Lang C, Shumilina E, Birnbaumer

L, Lang F, Huber SM (2008) TRPC6 contributes to the Ca2?

leak of human erythrocytes. Cell Physiol Biochem 21:183–192

Friedrich T, Breiderhoff T, Jentsch TJ (1999) Mutational analysis

demonstrates that ClC-4 and ClC-5 directly mediate plasma

membrane currents. J Biol Chem 274:896–902

Frohlich O, Leibson C, Gunn RB (1983) Chloride net efflux from

intact erythrocytes under slippage conditions. Evidence for a

positive charge on the anion binding/transport site. J Gen Physiol

81:127–152

Gunn RB, Wieth JO, Tosteson DC (1975) Some effects of low pH on

chloride exchange in human red blood cells. J Gen Physiol 65:

731–749

Huber SM, Uhlemann AC, Gamper NL, Duranton C, Kremsner PG,

Lang F (2002) Plasmodium falciparum activates endogenous

Cl- channels of human erythrocytes by membrane oxidation.

EMBO J 21:22–30

Huber SM, Duranton C, Lang F (2005) Patch-clamp analysis of the

‘‘new permeability pathways’’ in malaria-infected erythrocytes.

Int Rev Cytol 246:59–134

Ivanova L, Bernhardt R, Bernhardt I (2008) Nongenomic effect of

aldosterone on ion transport pathways of red blood cells. Cell

Physiol Biochem 22:269–278

Iyer R, Iverson TM, Accardi A, Miller C (2002) A biological role for

prokaryotic ClC chloride channels. Nature 419:715–718

Jordt SE, Jentsch TJ (1997) Molecular dissection of gating in the ClC-

2 chloride channel. EMBO J 16:1582–1592

Kaplan JH, Pring M, Passow H (1983) Band-3 protein-mediated anion

conductance of the red cell membrane. Slippage vs ionic

diffusion. FEBS Lett 156:175–179

Kasinathan RS, Foller M, Koka S, Huber SM, Lang F (2007a)

Inhibition of eryptosis and intraerythrocytic growth of Plasmo-
dium falciparum by flufenamic acid. Naunyn Schmiedebergs

Arch Pharmacol 374:255–264

Kasinathan RS, Foller M, Lang C, Koka S, Lang F, Huber SM

(2007b) Oxidation induces ClC-3-dependent anion channels in

human leukaemia cells. FEBS Lett 581:5407–5412

Kim KH, Shcheynikov N, Wang Y, Muallem S (2005) SLC26A7 is a

Cl- channel regulated by intracellular pH. J Biol Chem 280:

6463–6470

Kummerow D, Hamann J, Browning JA, Wilkins R, Ellory JC,

Bernhardt I (2000) Variations of intracellular pH in human

Y. V. Kucherenko et al.: ASOR Channels in Red Blood Cells 9

123



erythrocytes via K?Na?/H? exchange under low ionic strength

conditions. J Membr Biol 176:207–216

Lambert S, Oberwinkler J (2005) Characterization of a proton-

activated, outwardly rectifying anion channel. J Physiol 567:

191–213

Lang F, Busch GL, Ritter M, Volkl H, Waldegger S, Gulbins E,

Haussinger D (1998) Functional significance of cell volume

regulatory mechanisms. Physiol Rev 78:247–306

Lang F, Gulbins E, Lerche H, Huber SM, Kempe DS, Foller M (2008)

Eryptosis, a window to systemic disease. Cell Physiol Biochem

22:373–380

Marshall WS, Bryson SE, Sapp MM (1990) Volume regulation in

glutathione-treated brook trout (Savelinus fontinalis) erythrocyts.

Fish Physiol Biochem 8:19–28

Mo L, Hellmich HL, Fong P, Wood T, Embesi J, Wills NK (1999)

Comparison of amphibian and human ClC-5: similarity of

functional properties and inhibition by external pH. J Membr

Biol 168:253–264

Morgan J, Leake DS (1993) Acidic pH increases the oxidation of

LDL by macrophages. FEBS Lett 333:275–279

Nobles M, Higgins CF, Sardini A (2004) Extracellular acidification

elicits a chloride current that shares characteristics with ICl(swell).

Am J Physiol 287:C1426–C1435

Okada Y, Maeno E, Shimizu T, Manabe K, Mori S, Nabekura T

(2004) Dual roles of plasmalemmal chloride channels in

induction of cell death. Pfluegers Arch 448:287–295

Sabirov RZ, Prenen J, Droogmans G, Nilius B (2000) Extra- and

intracellular proton-binding sites of volume-regulated anion

channels. J Membr Biol 177:13–22

Sauve R, Cai S, Garneau L, Klein H, Parent L (2000) pH and external

Ca2? regulation of a small conductance Cl- channel in kidney

distal tubule. Biochim Biophys Acta 1509:73–85

Tomlinson FH, Anderson RE, Meyer FB (1993) Brain pHi, cerebral

blood flow, and NADH fluorescence during severe incomplete

global ischemia in rabbits. Stroke 24:435–443

Verloo P, Kocken CH, Van der Wel A, Tilly BC, Hogema BM,

Sinaasappel M, Thomas AW, De Jonge HR (2004) Plasmodium
falciparum-activated chloride channels are defective in erythro-

cytes from cystic fibrosis patients. J Biol Chem 279:10316–

10322

Wadiche JI, Amara SG, Kavanaugh MP (1995) Ion fluxes associated

with excitatory amino acid transport. Neuron 15:721–728

Wang HY, Shimizu T, Numata T, Okada Y (2007) Role of acid-

sensitive outwardly rectifying anion channels in acidosis-induced

cell death in human epithelial cells. Pfluegers Arch 454:223–233

Yamamoto S, Ehara T (2006) Acidic extracellular pH-activated

outwardly rectifying chloride current in mammalian cardiac

myocytes. Am J Physiol 290:H1905–H1914

Yasui M, Hazama A, Kwon TH, Nielsen S, Guggino WB, Agre P

(1999) Rapid gating and anion permeability of an intracellular

aquaporin. Nature 402:184–187

10 Y. V. Kucherenko et al.: ASOR Channels in Red Blood Cells

123


	Acid-Sensitive Outwardly Rectifying Anion Channels in Human Erythrocytes
	Abstract
	Introduction
	Materials and Methods
	Erythrocytes
	Electrophysiology
	Intracellular pH Measurements
	Statistics

	Results
	Discussion
	Acknowledgements
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


